We report on the preparation of high J c YBCO coated conductors on non-magnetic Ni-W substrates. In order to minimize the deleterious effects of tungsten oxide formation on the epitaxial growth of oxide buffer layers and YBCO films, an electrodeposition approach has been developed to epitaxially grow an about 2 µm Ni layer (Ed-Ni layer) on Ni-3 at% W tapes. With this method, the surface for epitaxy of the first oxide seed layer is not exposed to the Ni-W surface, and high quality CeO 2 /yttria-stabilized zirconia/CeO 2 buffer layers and YBCO films have been grown on the Ed-Ni/Ni-3 at% W substrates by pulsed laser deposition. A critical current density, J c , of 1.49 MA cm −2 has been achieved at 75.2 K and in a magnetic field of 83 mT.
Introduction
In recent years much effort has been expended towards fabricating long, flexible, high T c superconductor coated conductors with high critical current densities for electrical industry applications. One of the most successful approaches to date is the rolling assisted biaxially textured substrates (RABiTS) technique [1, 2] . In this technique, biaxially textured Ni tapes are prepared by cold rolling and annealing, upon which high quality epitaxial oxide buffer layers and YBCO films can be grown. A key issue in the RABiTS technique is the growth of an oxide buffer layer on the Ni substrate, which prevents diffusion of Ni into the YBCO coating during the high temperature processing and also transfers the biaxial texture of the substrate to the superconductor. Because epitaxial growth of oxide buffer layers normally requires elevated temperatures and oxidizing environments, unfavourably oriented NiO reaction layers may form on the Ni substrates. To overcome this problem, oxide buffer layers are usually grown under conditions that reduce NiO but adequately oxidize the buffer layers. In order to 3 Author to whom any correspondence should be addressed. effectively prevent Ni from diffusing into superconducting films, buffer layers also need to be continuous and crackfree. To date, the most popular and successful oxide buffer layers for YBCO coated conductors have been combinations of CeO 2 and yttria-stabilized zirconia (YSZ). High quality YBCO films with critical current density, J c , values as high as 3 MA cm −2 at 77 K have been grown on CeO 2 /YSZ/CeO 2 /Ni architectures [3] .
Recently, biaxially textured Ni tapes with small alloying additions of W or Cr have been prepared using the RABiTS technique to improve mechanical properties and reduce magnetism [4, 5] . Relatively good epitaxial growth of oxide buffer layers and YBCO films has been achieved on these Ni alloys with low W or Cr concentrations (3-5%) [4, 6] . However, thermodynamic considerations shows that under typical conditions for the growth oxide seed layer, formation of tungsten oxide and chromium oxide are thermodynamically expected [4] . Localized formation of tungsten oxide and chromium oxide can deteriorate the properties of oxide buffer layers and YBCO films, especially for higher W and Cr content substrates. In extreme circumstances, this may lead to peeling or spalling of the films from the metallic base.
In order to minimize the deleterious effects of tungsten oxide and chromium oxide formation, the growth of another epitaxial Ni layer on the Ni-W or Ni-Cr substrates has been suggested [4] . It is expected that if the Ni overlayers are thick enough, W or Cr will not be able to diffuse to the surface of Ni overlayers, and so the surface for epitaxy of the first oxide seed layer will not be exposed to W or Cr. Recently we developed an electrodeposition approach for epitaxially growing an about 2 µm Ni layer (Ed-Ni layer) on Ni-3 at% W tapes; high quality CeO 2 /YSZ/CeO 2 oxide buffer layers and YBCO films have been grown on these Ed-Ni/Ni-3 at% W substrates by pulsed laser deposition, and J c values of 1.49 MA cm −2 have been observed at 75.2 K and in a magnetic field of 83 mT (corresponding to 26.5 A, which is the maximum current capability in our system). Our results indicated that growth of Ed-Ni overlayers is potentially a solution to the oxidation problem in Ni alloys with a high W or Cr concentration. Because electrodeposition is a low cost and non-vacuum technique, the results reported in this paper may greatly benefit the superconductor industry.
Experimental
Biaxially textured Ni-3 at% W tapes were provided by Oxford Superconducting Technology and Oak Ridge National Laboratory. Electrodeposition of Ni was performed from a bath containing NiSO 4 · xH 2 O, NiCl 2 · 6H 2 O and boric acid dissolved in deionized water. The Ni films were deposited in a vertical cell in which the electrodes (both working and counter) were suspended vertically from the top of the cell. The Ed-Ni layers were prepared using a constant current mode in which the counter electrode was a Pt gauze and the substrate was Ni-3 at% W. The electrodepositions were performed at 65˚C. The thickness of the Ed-Ni layer was about 2.4 µm, and the as-deposited Ni layer was biaxially textured. Epitaxial growth can be effected only with the correct galvanostatic current density, correct electrolyte, suitable pH value, etc. With all these parameters optimized, the deposited atoms are expected to arrive at the Ni-3 at% W tape surface with enough energy and also at a suitable deposition rate, so that epitaxial growth occurs.
A KrF excimer laser (λ = 248 nm) was used to grow epitaxial CeO 2 /YSZ/CeO 2 buffer layers and YBCO films on Ed-Ni/Ni-3 at% W substrates with the laser energy density focused to about 2 J cm −2 . Polycrystalline CeO 2 , YSZ, and YBCO targets were used to deposit the buffer layers and YBCO films, respectively. The laser beam was incident on the rotating target surface at an angle of 45˚. The base pressure of the growth chamber was about 10 −6 Torr, assumed to arise primarily from water vapour. The distance between the target and substrate was 8 cm. The Ed-Ni/Ni-3 at% W substrates were attached to sapphire substrates with silver paste to ensure good thermal contact. The temperature of the substrate was measured using a thermocouple embedded in the heater. The crystallographic structure of the buffer layers was characterized by x-ray diffraction (XRD) including ϑ-2ϑ scan, ω scan, φ scan, and pole figure. The surface morphology of the CeO 2 /YSZ/CeO 2 /Ed-Ni/Ni-W tapes was characterized by atomic force microscopy (AFM) over an area of 5 µm × 5 µm. The superconducting properties of YBCO films were measured using a standard four-probe technique, and the critical current density, J c , was calculated with a 1 µV cm −1 criterion. the epitaxial Ed-Ni/Ni-3 at% W tape was 99.3% biaxially textured, as shown in figure 1(c) . The percentage cube texture is determined by dividing the integrated intensities at the cube locations by the total intensity in the pole figures. The FWHMs of ω scans and φ scans of the Ni-3 at% W tapes are around 7˚and 7.5˚, respectively. Usually the FWHM values in the Ni over-layer were a little larger (0.3-1˚) than in the Ni-3 % W tapes. These results confirmed that epitaxial growth of Ni on Ni-3 at% W tapes has been achieved by electrodeposition. However, it was observed that the surface roughness of the Ni-3 at% W tape was amplified by electrodeposition. The rms surface roughness of the underlying Ni-3 at% W tape was about 6-9 nm, while that of the Ed-Ni layer was about 10-16 nm. It is well known that a rough surface will disturb epitaxial growth of oxide buffer layers and YBCO films. To solve the problem of surface roughness, Ni-W tapes were electropolished before deposition of Ed-Ni. The improvement of surface roughness of Ni-3 at% W tapes resulted in significant improvement of the surface roughness of the Ed-Ni layer. Typically, the rms surface roughness of Ni-3 at% W tape was about 3-6 nm after electropolishing, and that of the Ed-Ni was 5-10 nm, as shown in figure 2 . The biaxially textured Ed-Ni/Ni-3 at% W tapes were then mounted in the PLD chamber to be coated with CeO 2 and YSZ oxide buffer layers. After the vacuum in the chamber had reached 10 −6 Torr, the forming gas (4% H 2 and 96% Ar mixture) was introduced into the chamber until the pressure reached 1 Torr. The Ed-Ni/Ni-3 at% W substrates were annealed at 850˚C for 1 h to reduce the NiO on the surface of the Ni surface. During the deposition of the first CeO 2 buffer layer (seed layer), the chamber was kept at 180 mTorr with a mixture of 4% H 2 and 96% Ar, and the substrate temperature was 850˚C. The deposition rate was about 0.1 nm s −1 . There was a report [9] that the thickness of the CeO 2 buffer layer is critical to the crack formation: 100 nm thick CeO 2 layers were cracked, whereas 50 nm thick CeO 2 layers were crack-free. In order to minimize cracking, the final thickness of the CeO 2 seed layer was about 30 nm in our experiments. After the deposition of the CeO 2 seed layer, a 1 µm YSZ buffer layer and a 30 nm CeO 2 cap layer were deposited subsequently in 10 −4 Torr of O 2 at 850˚C. The YSZ layer was included to prevent Ni diffusion and suppress microcracking in the buffer layer, whereas the CeO 2 cap layer was used to improve the lattice match between the buffer layers and the YBCO superconducting films. An AFM micrograph of a CeO 2 /YSZ/CeO 2 /Ed-Ni/ Ni-3 at% W structure is shown in figure 5 . The CeO 2 /YSZ/ CeO 2 buffer layers looked smooth and continuous; no cracks were observed. The rms surface roughness was around 2.3 nm. The smoothness of the buffer layers is very important for the later epitaxial growth of YBCO films.
Results and discussion
The YBCO films were deposited on CeO 2 /YSZ/CeO 2 / Ed-Ni/Ni-3 % W tapes at 780˚C in 150 mTorr of O 2 by PLD. After deposition the samples were cooled to room temperature at a rate of 5˚C min −1 in 500 Torr of O 2 . The typical film thickness of the YBCO coating was 300 nm. Figure 6 shows an XRD ϑ-2ϑ scan of a YBCO/CeO 2 /YSZ/CeO 2 /Ed-Ni/ Ni-3 at% W structure. All the peaks from YBCO could be indexed as (00l) peaks, indicating the YBCO film was oriented with the c-axis perpendicular to the substrate. The pole figure measurement confirmed the YBCO film was biaxially textured. FWHMs of the ω scan and φ scan were about 3.6˚and 6.4˚, respectively, as shown in figures 7(a) and (b). Typically the superconducting transition temperature, T c , of the YBCO film on the CeO 2 /YSZ/CeO 2 /Ed-Ni/Ni-3 at% W substrate was about 88 K, and the magnetic dependence of the critical current densities at 75.2 K is shown in figure 8 . The J c (H ) behaviour depended strongly on the orientation of the magnetic fields. J c dropped more rapidly when the magnetic fields were applied parallel to the c-axis. This behaviour was consistent with the pinning properties of high quality YBCO films deposited on suitable single crystalline substrates.
At 75.2 K and 83 mT, a J c value of 1.49 MA cm −2 (corresponding to 26.5 A, which is the maximum current capability in our system) was observed. This value is comparable with that of a good YBCO film grown on the standard CeO 2 /YSZ/CeO 2 /Ni architecture, and confirmed the effective prevention of deleterious effect of the formation of tungsten oxide by the Ed-Ni layer.
Conclusions
In order to minimize the deleterious effects of tungsten oxide formation on the epitaxial growth of oxide buffer layers and YBCO films, an electrodeposition approach has been developed to epitaxially grow an about 2 µm Ni layer (Ed-Ni layer) on Ni-3 at% W tapes. With this method, the surface for epitaxy of the first oxide seed layer is not exposed to the Ni-W surface, and high quality CeO 2 /YSZ/CeO 2 buffer layers and YBCO films have been grown on the Ed-Ni/ Ni-3 at% W substrates by pulsed laser deposition. A critical current density, J c , of 1.49 MA cm −2 has been achieved at 75.2 K and in a magnetic field of 83 mT.
